Abstract. In the highly sexual-dimorphic nocturnal moth, Acentria ephemerella Denis & Schiffermüller 1775, the aquatic and wingless female possesses a refracting superposition eye, whose gross structural organization agrees with that of the fully-winged male. The possession of an extensive corneal nipple array, a wide clear-zone in combination with a voluminous rhabdom and a reflecting tracheal sheath are proof that the eyes of both sexes are adapted to function in a dimly lit environment. However, the ommatidium of the male eye has statistically significantly longer dioptric structures (i.e., crystalline cones) and light-perceiving elements (i.e., rhabdoms), as well as a much wider clear-zone than the female. Photomechanical changes upon light/dark adaptation in both male and female eyes result in screening pigment translocations that reduce or dilate ommatidial apertures, but because of the larger number of smaller facets of the male eye in combination with the structural differences of dioptric apparatus and retina (see above) the male eye would enjoy superior absolute visual sensitivity under dim conditions and a greater resolving power and ability to detect movement during the day. The arrangement of the microvilli in the rhabdom of both genders suggests that their eyes are polarization-sensitive, an ability they would share with many aquatic insects that have to recognize water surfaces. Although sexual recognition in A. ephemerella is thought to chiefly rely on pheromones, vision must still be important for both sexes, even if the females are wingless and never leave their watery habitat. Females swim actively under water and like their male counterparts, which fly above the surface of the water, they would have to see and avoid obstacles as well as potential predators. This, together with a small incidence of winged females, we believe, could be the reason why the eyes of female A. ephemerella are less regressed than those of other sexually dimorphic moths, like for instance Orgyia antiqua. Another, but difficult to test, possibility is that male and female A. ephemerella have diverged in their behaviour and habitat preferences less long ago than other sexually dimo rphic moths.
INTRODUCTION
With regard to morphological and biological characteristics insects are an enormously diverse taxon. The design features of the compound eye often reflect aspects of the life-style and phylogenetic relationships of an insect. Night-flying species like beetles and moths, for example, have compound eyes with larger ommatidia or wider clear-zones than daytime-active species (Caveney & McIntyre, 1981; Jander & Jander, 2002; Moser et al., 2004) and in certain Ephemeroptera, Lepidoptera, Coleoptera, and Diptera males are known to possess eyes with considerable regional specializations, for example, an "acute zone" of high acuity in the fronto-dorsal region of the eye for locating and tracking a mate (Hornstein et al., 2000; Merry et al., 2006) .
In Lepidoptera, several species (all of them moths with very few exceptions, e.g. Nymphalidae: Viloria et al., 2003) have evolved that have micropterous females (i.e., females with reduced wings or no wings at all), but fully winged males (Hackman, 1966; Heppner, 1991) . It has been speculated that the resources used for flight in the female could be re-allocated to fecundity (Roff & Fairbairn, 1991) . Zera & Denno (1997) pointed out that the two genders are often contrasting with regard to their unique sets of distinctive behavioural and physiological adaptations. It could, therefore, be expected that the compound eyes of distinct morphs also have different visual tasks to master and, thus, may not only differ structurally from each other, but also function differently, for example, in response to exposures of light and dark conditions.
Studies of the compound eyes in the highly sexually dimorphic firefly Rhagophthalmus ohbai (Coleoptera: Rhagophthalmidae) (Lau & Meyer-Rochow, 2006 ) and the moth Orgyia antiqua (Lau & Meyer-Rochow, 2007) have revealed that the sedentary, wingless females have much smaller and less well-organized compound eyes than their male counterparts. As an extension of our earlier research, we now report ultrastructural details of the eyes and retinae of males and females of the aquatic moth Acentria ephemerella Denis & Schiffermüller 1775 (see Denis & Schiffermüller, 1775) , a species formerly assigned to the Pyralidae, but nowadays placed in the Crambidae, Acentropinae (Speidel, 2003) .
Acentria ephemerella is a small, nocturnally-active, aquatic moth native to Europe, but now also firmly established in North America (Berg, 1942; Batra, 1977; Buckingham & Ross, 1981) . The females have reduced wings and are incapable of flight. Fully-winged females, howSexual dimorphism and light/dark adaptation in the compound eyes of male and female Acentria ephemerella (Lepidoptera: Pyraloidea: Crambidae)
TING FAN (STANLEY) LAU 1 , ELISABETH MARIA GROSS 2 and VICTOR BENNO MEYER-ROCHOW ever, also appear occasionally in the population. The rudimentary-winged females spend a considerable time of their lives in the water of ponds, lakes, and slow-moving streams and are able to swim by means of speciallyadapted middle and hind legs. At night they rest on the water surface and lift their abdomen into the air, releasing a pheromone to attract males. Males, on the other hand, possess well-developed wings and fly closely above the surface of the water in search of the females (Berg, 1942; Batra, 1977; Buckingham & Ross, 1981) . Unlike most of the sedentary, micropterous females of other lepidopteran species, which possess an enlarged abdomen filled with eggs making flight difficult (Hackman, 1966) , the reduction of the wing in A. ephemerella has been considered to represent an adaptive advantage for the moth to swim and oviposite underwater (Heppner, 1991) . Thus, the mobile female A. ephemerella, despite their inability to fly, still need to see to avoid obstacles on their way to the water surface in order to mate or to find a suitable oviposition site. However, in view of the fact that female A. ephemerella spend most of their short adult life submerged under water, they may also need an eye that differs from that of the terrestrial and aerial male and more closely resembles that of a truly aquatic insect.
The larvae of A. ephemerella are efficient herbivores on submerged macrophytes (Gross et al., 2002) and might be considered an important biological agent in the control of the invasive macrophyte species Myriophyllum spicatum (Haloragaceae) (Batra, 1977; Johnson et al., 1998; Gross et al., 2001 ). Yet, no study dealing with the photoreceptors or vision in this moth has been forthcoming to date. Therefore, the aim of this paper has been to, firstly, investigate the general structural and ultrastructural differences of the compound eyes of male and female A. ephemerella and, secondly, describe any photomechanical changes in their eyes in response to changing ambient light intensities.
MATERIAL AND METHODS

Light/dark adaptation experiments
Pupae of Acentria ephemerella, attached to stems of a variety of aquatic weeds, were collected in the lower Lake Constance of southern Germany and transported to the International University Bremen in northern Germany, where they were kept in the laboratory at 16°C under a 14L : 10D cycle. As the adults emerged from the pupae, they were subjected to different light intensities. To obtain, for example, fully daytime light-adapted (LA) individuals, the animals were exposed to daylight (but not direct sunlight) for at least 5 h prior to decapitation at noon (12:00 h). Nighttime dark-adapted (DA) individuals were obtained by keeping the animals in total darkness for at least 5 h before decapitation at midnight (24:00 h).
Transmission and scanning electron microscopy
The heads of the experimental specimens were split in half and fixed overnight at 4°C in a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde buffered to a pH of 7.4 with 0.1 M sodium cacodylate. Following two washes in 0.1 M cacodylate buffer, the specimens were then postfixed for one hour in 2% cacodylate-buffered OsO4 before being rinsed again in the same buffer and a wash in distilled water. The specimens were then dehydrated in a graded series of ethanol and immersed in acetone/Epon mixture for 1 day. Finally the specimens were embedded in Epon resin and hardened for 3 days at 60°C. Semithin sections for light microscopy were cut on an ultramicrotome (model: "RMC") with a glass knife and stained with 0.5% toluidine blue on a hotplate. Ultra-thin sections were cut either with a glass or diamond knife and picked up on uncoated 300 mesh copper grids. The sections were then stained with Reynold's lead citrate for 20 min and 2% aqueous uranyl acetate for 15 min. Observations took place under a Zeiss EM 10 transmission electron microscope (TEM), operated at an accelerating voltage of 60 kV.
For observations by scanning electron microscopy (SEM), severed heads of the specimens were dehydrated in a graded series of acetone, air dried, and then sputter-coated with gold (EMI Tech, K550X) to a thickness of approximately 20 nm. Examinations took place in a Jeol, JSM-5900 scanning electron microscope, operated at 20 kV.
Morphometric analyses
Specimens for scanning electron microscopy were used to determine width of the eye (distance from dorsal to ventral margin), facet diameters (i.e., the corner to corner distance of the hexagonal corneal surface) and total number of ommatidia per eye. Light micrographs of longitudinal sections were used for measurements of the corneal radius of curvature, interommatidial angle ( Ø), ommatidial length (distance from cornea to basement membrane), thickness of the cornea, cone length, clear-zone and rhabdom layer widths. Measurements of interommatidial distances, rhabdom areas in cross section and microvillus diameters were gathered from transmission electron micrographs of the mid-rhabdom region, where rhabdoms seemed maximally developed. Diameters of primary and secondary screening pigment granules were determined from transmission electron micrographs of sections through various regions of the eye.
In order to quantify and compare photomechanical changes in the compound eye, rhabdom occupation ratio (ROR) and relative clear-zone width (Meyer-Rochow & Gál, 2004) were calculated from parameters measured on transmission electron and light micrographs. The ROR was calculated as follows: ROR = rhabdom area/ total retinula cell area. For each eye, at least 15 hexagonally arranged ommatidia were used for measurements on rhabdom areas and retinula cell diameters. The mean of all retinula cell diameters for a given eye was taken for the calculation of the retinula cell area. Values for relative clear-zone width (cz) were obtained through: cz = width of clear-zone/ radius of curvature of the eye Altogether three eyes of male and three of female individuals were used for measurements in connection with the SEM and 10 measurements were taken from each individual for each parameter. A total of 16 eyes from 16 individuals (8 male, 8 female) were examined by light and transmission electron microscopy and 3 to 5 eyes of either sex were used for observations in connection with the light-adapted condition. At least 5, but most frequently 10 measurements were taken on each of the anatomical features. All of the morphological measurements were subjected to image-analysis software (W. Rasband: "ImageJ").
Statistical analyses
The "independent samples" t-test was used to test whether any statistically significant differences were present (p < 0.05) between male and female eyes. A "two-way" analysis of variance test (ANOVA) was performed to determine whether there were any statistically significant differences (p < 0.05) in the effects of different light conditions between the two sexes. Statistical analyses were performed by using the SPSS statistical package programme.
RESULTS
External anatomy of the male and female eye
The compound eyes of both male and female Acentria ephemerella occupy lateral positions on either side of the head. Both male and female eyes resemble a water droplet, with the acute end pointing dorsally (Figs 1A, B) . Maximum eye width in both sexes is 0.4 mm. Male and female eyes have approximately 963 and 933 ommatidia, respectively (Table 1) . Observations by SEM revealed that ommatidia are generally hexagonal in shape. The outer surfaces of the facets of both sexes are densely covered with corneal nipples, measuring 270 nm in height and 57 nm in diameter (Figs. 1C, D, Inset) . However, there are no interfacetal hairs in either males or females.
Average facet diameters of male and female eyes measure 15.9 µm and 17.3 µm, respectively, with facets of the male eye being significantly smaller than those of the female eye (p < 0.01, Table 1 ).
General organization of the male and female eye
The eyes of both sexes share the same overall cellular organization of the ommatidium. Each ommatidium features a dioptric apparatus, a clear-zone, 8 retinula cells that form a centrally-fused rhabdom and 1 basal cell (Figs 2-5). However, the two eyes differ from each other in a number of measurable morphological parameters. Ommatidial lengths of male and female eyes, for instance, measure 180 and 164 µm, respectively, but the difference did not reach statistical significance (Table 1 ). The radii of eye curvature, on the other hand, amounted to 272 µm in male and 240 µm in female eyes and were found to be statistically significant from each other (p < 0.05; Table   461 Fig. 1. Scanning electron micrographs of A. ephemerella compound eye. A, B -frontal view of the eye of male and female. Both sexes have a wider ventral region (V) and a narrower dorsal region (D). C, D -corneal facets of male and female. The male eye has somewhat smaller facets than the female, whose facets also appear to be less regularly arranged. The corneal surfaces of both eyes are covered with an array of corneal nipples (inset). Scale bar s: A, B, 100 µm; C, D, 25 µm; inset, 2 µm. 1). Some regional differences were apparent in both male and female eyes. The dorsalmost region in both male and female eyes had the smallest clear-zone and the shortest rhabdoms and, thus, appeared quite different from the rest of the eye. However, in terms of the cellular arrangements and general anatomical architecture this part was no different from the rest of the eye. Average inter-ommatidial angles of male and female eyes were found to be 3.8°and 4.1°, respectively, but statistical significance was not reached.
As there were no statistical differences between the light-and dark-adapted eyes in all of the major morphological parameters studied (except screening pigment position and clear-zone width: see below), the morphometrical results based on the two adaptational states in the eyes of the same sex were pooled and treated as one data set. The dioptric apparatus of each ommatidium consists of the cornea and four cone cells. The corneal thicknesses of male and female eyes measure 8.4 µm and 7.4 µm, respectively, while corneal radii are 28.3 µm in the male and 28.0 µm in the female. Although corneal thickness was larger in males, the difference only just reached statistical significance, but the difference in corneal curvature did not (Table 1) . The crystalline cone is of the eucone type and, as is the rule in other insects with this kind of cone, is secreted by four cone cells. Characteristic for the eucone type of eye is that the cone cell nuclei occupy the space between cornea and crystalline cone (Figs 2C, D, 3A) . Cone lengths of the male measured 54.7 µm and were, thus, found to be significantly longer than those of the female (49.5 µm) (p < 0.01, Table 1 ). Transverse sections revealed that the cones were surrounded by 2 primary pigment cells and 4 to 5 secondary pigment cells, both types of cell containing innumerous pigment granules of high electron opacity (Fig. 3B) . The sizes of the pigment grains of the primary and secondary pigment cells did not show any sex-specific differences and measured 0.65-0.7 µm and 0.5-0.53 µm in diameter, respectively.
The clear-zone separates the dioptric apparatus from the photoreceptor layer (Figs 2A-D) . It measures 56.9 µm in the eye of males and was found to be significantly wider than that of the eye of the females (45.2 µm) (p < 0.01; Table 1 ). Most of the interommatidial spaces in the clearzone are occupied by the extensions of the secondary pigment cells. In both sexes, each ommatidium contains a total of 9 retinula cells (8 regular retinula cells and 1 basal cell). The retinula cell bodies (identifiable through the presence of their nuclei) of cells R1-R8 occupy the distal side of the rhabdom layer below the cones. Their position is variable and depends on the adaptational state of the eye (Figs 2C-D) (see below). The retinula cell bodies of both male and female eyes also contain screening pigment granules (Fig. 3D) , which measure 0.8-0.87 µm in diameter. The 8 retinula cells form a slim retinula tract that traverses the clear-zone and then widens towards the distal end of the rhabdom (Figs 3C-D) . Rhabdom formation occurs on the proximal side of the clear-zone. Rhabdoms are 62.9 µm and 54.7 µm long in male and female eyes, respectively, and were found to be statistically significantly different from each other (p < 0.01; Table 1 ). Light micrographs of transverse sections revealed that the photoreceptor layer is almost entirely filled by the continuous layer of rhabdom material with hardly a separation between adjacent ommatidia (Figs 2E-F). A dense layer of air-filled tracheoles is responsible for the formation of a tapetum halfway down the rhabdom in both male and female eyes. The tracheal layer is extensive and continues below the basement membrane for approximately 18 µm ( Figs 2E-F, 5D ).
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Data are expressed as mean ± standard error and n is the number of eyes measured. NS = not significant, * = p < 0.05, ** = p < 0.01 in the independent samples t-test. The dark-adapted eye shows the retinula cell bodies (RCB) in close approximation to the cone tips and screening pigment granules packed between the cones (CC). In the light-adapted eye, pigment granules have dispersed into the clearzone; the retinula cell bodies (RCB) have migrated proximally, leaving behind (in the region which they had occupied earlier) a crystalline cone tract (arrowhead), thus narrowing the aperture through which light can reach the receptors. The arrows indicate the location of the nuclei of the cone cells. E, F -transverse section through the retina with its rhabdoms (Rh) surrounded by a tracheal tapetum (arrows). E -male; F -female. In both the rhabdom forms an almost continuous layer. Scale bars: A, B, 50 µm; C-F, 20 µm.
Towards the distal end of the rhabdom, 7 retinula cells are involved in the formation of the centrally-fused rhabdom, which is circular in outline in both males and females (Figs 4A-D) . Transmission electron micrographs of transverse sections showed that at this level retinula cell 1 makes a greater contribution to the formation of the rhabdom than do the other six retinula cells. Unlike the rhabdomeres of the other six retinula cells which are V-shaped, the rhabdomere of cell 1 is triangular. Its microvilli run in parallel directions and appear to be less electron-dense than those of the other 6 rhabdomeres ( Figs 4C-D) , but no differences in microvillar diameters between any of rhabdomeres could be detected. A few micrometer eye-inward from the distal end of the rhabdom, retinula cell 8 begins to contribute its rhabdomere to the rhabdom. The rhabdomere of R8 is situated opposite to that of R1, also triangular in shape and less electrondense than the rest. Its microvilli are arranged in a more regular, parallel manner than those of the other 6 rhabdomeres and, moreover, they are oriented in the same direction as those of the rhabdomere of R1 (Figs 4E-F) . Altogether 8 retinula cells contribute to the formation of the rhabdom, which proximally appears more "lobed" than distally (Figs 4A-B) . The rhabdom reaches its maximum diameter of 7.7-8.1 µm at mid level in both male and female ommatidia (Table 1 ). This microvillar organization of the rhabdomeres remains unchanged throughout the rest of the rhabdom until the rhabdomeres 464 Fig. 3 . Transmission electron micrographs of A. ephemerella compound eye. A, B -longitudinal and transverse section of the dioptric apparatus in the eye of the male, showing the lamellated cornea (C), the crystalline cone (CC), and the narrow cytoplasmic space that separates cornea and cone and contains the cone cell nuclei (CCN). The cones are always surrounded by two primary pigment cells (PPC) and several secondary pigment cells (SPC), both of which contain numerous electron-opaque pigment granules. The arrow in B indicates the nucleus of a primary pigment cell. C, D -transverse section through an ommatidial group of 8 retinula cells in male and female, showing retinula cell nuclei (RCN) and desmosomes (arrowheads). The white arrows point to screening pigment granules inside the receptor cells. Note that the retinula cell pigment granules are slightly larger than those of primary and secondary pigment cells. Scale bars: A, B, and D, 4 µm; C, 2 µm. Fig. 4 . Transmission electron micrographs of A. ephemerella compound eye. A -transverse sections through the distal region of the rhabdom of the male, B -proximal rhabdom region of the female. Air filled tracheae (arrows) become more numerous as one moves proximally. Note that rhabdoms formed by 7 as well as 8 rhabdomeres can be seen in both sections. Rhabdomeres 1 and 8 can be recognised by their triangular shape and lighter stain. C, D -transverse section through midlevel region of the rhabdom in the eye of a male and a female. Here the two rhabdoms are formed by 7 receptor cells. The rhabdomere of receptor cell 1 is always triangular in shape and less electron dense than the others and its microvilli are always aligned perfectly parallel to each other. E, Ftransverse section through the midlevel region of the rhabdom in the eye of a male and a female. Here the rhabdoms are formed by 8 receptor cells. Rhabdomeres of both receptor cells 1 and 8 are triangular in shape, less electron dense than the other, and orientated in the same direction. Desmosomes (arrowheads) are developed between adjacent retinula cells. Scale bar s: A, B, 4 µm; C-F, 2 µm. diminish in size and are gradually displaced by the basal cell just above the basement membrane.
The basal cell contains pigment granules and possesses its own small rhabdomere (Figs 5A-B) . The diameter of the pigment granules of the basal cell measure around 0.46-0.47 µm in both male and female. Finally, nine retinula cells of each ommatidium give rise to distinct bundles of retinula cell axons that penetrate the basement membrane ( Figs 5C-D) . Other common organelles like mitochondria, endoplasmic reticula, multi-vesicular bodies can be seen in the retinula cells at all rhabdom levels in seemingly equal abundance at both day and night conditions. There are no apparent differences in the abundance of these organelles in light and dark adapted samples of both sexes. The diameters of the microvilli at mid-level measure 68-71 nm in all of the rhabdomeres of both male and female moths. Desmosomes exist between each pair of adjacent retinula cells. They may provide stabilizing anchor-positions and are developed from the distal end of the retinula cells to the proximal end of the rhabdom just above the basement membrane (Figs 3C, 4C-F).
Light/dark sensoric adaptational changes
Both male and female eyes show very pronounced pigment translocations and retinula cell body migrations upon light/ dark adaptation. In the light-adapted eyes of both sexes, the pigment granules that belong to the secondary pigment cells invade the clear-zone from the cone region. At the same time, the retinula cell bodies pull away from the cone, leaving the crystalline tract in the region that they occupied earlier (Figs 2B, D) . Since the retinula cell bodies, when they occupy a position in the proximal region of the clear-zone also contain screening pigment granules, there is then (together with the secondary pigment granules) a massive amount of pigment granules present in the region between the cones and the rhabdom layer (Figs 2B, D) . When the eye is in the darkadapted state, the screening pigments cluster densely between the cones, and the retinula cell bodies remain attached to the tips of the cones on the distal side of the clear-zone. This leaves the clear-zone free of pigment granules and creates a relatively wide proximal cone aperture through which more light can enter each ommatidium than during light-adaptation (Figs 2A, C) .
In contrast to the migrations of the pigment granules and the retinula cell bodies, other structures within the compound eye remained unresponsive to exposures of different light intensities irrespective of whether male or female eyes. No obvious movements of pigment granules were found within the primary pigment cells. Cone lengths, rhabdom lengths and diameters as well as microvillar diameters remained unchanged under different light/dark conditions in both male and female eyes. Respective relative clear-zone widths, which are 0.21 and 0.19 in male and female eyes, were also found not to be significantly different from each other under different light conditions. The rhabdom occupation ratios (ROR) amounted to 71% and 65% in male and female eyes, respectively, and also showed no statistically significant differences under different ambient light conditions (Table 1) . As the rhabdoms occupy almost the entire area already in the light-adapted retina, being nearly continuous across all ommatidia with no space available for the rhabdom to expand during dark adaptation, an increase in ROR during dark-adaptation would practically have been impossible.
DISCUSSION
General organization of male and female eye
Firstly, in Acentria ephemerella both sexes possess a refracting superposition eye, which is a type of eye that is rather typical of nocturnally-active insect species, but in the sexually dimorphic beetle Rhagophthalmus ohbai (Coleoptera: Rhagophthalmidae) (another holometabolic insect species in which males, but not females are fully winged: Lau & Meyer-Rochow, 2006) the wingless female has an apposition eye and only the winged males have a superposition eye. The superposition eye is common in insects and crustaceans that live in dim habitats or lead a nocturnal life (Nilsson, 1989) . The clearzone in the superposition eye allows light that enters the eye through many facets to be focused on more or less one single photoreceptor in the retina (Land, 1981) . In this way superposition eyes have the potential to collect more light than apposition eyes without having to sacrifice resolving power.
Secondly, the corneal outer surfaces of both male and female eyes in A. ephemerella are covered with corneal nipples. Corneal nipples are commonly encountered in nocturnal, but not diurnal species of Lepidoptera (Bernhard et al., 1970) . Since corneal nipples can reduce the reflection of light from the surface of the eye, the resulting dull appearance of the eye can provide camouflage to the animal during the day when the animal is inactive (Miller, 1979; Stavenga et al., 2005) . It can furthermore increase the intensity of the light available to the eye by about 4% and in combination with the eye's internal tapetum prevent the formation of "ghost images" on the inside of the cornea (Miller, 1979) .
Thirdly, the photoreceptor layer in A. ephemerella is made up of an extensive development of microvilli (which are the photoreceptive membranes of the retina). The average rhabdom occupation ratios, reaching 71% and 65% in males and females, respectively, are similar to those of other nocturnally active moths (50-80%) (Eguchi, 1978) . Moreover, the proximal half of the rhabdom is partially surrounded by a dense layer of airfilled tracheaoles, creating a tapetum. Where tapeta are present, they occupy a place near the proximal end of the retina so that light that has passed through the retina once can be reflected back into the rhabdom to give the receptors a second chance to absorb photons (Miller, 1979; Autrum, 1981; Land & Nilsson, 2002) . Although photopigment density in the membranes of the rhabdom microvilli and degree of efficiency of the phototransduction cascade could further improve an eye's visual performance, we possess no data on this aspect for the eye of A. ephemerella.
Not only in Lepidoptera (Yagi & Koyama, 1963; Rutowski, 2000) , but also in bees (Jander & Jander, 2002) and beetles (McIntyre & Caveney, 1998; Gokan & Meyer-Rochow, 2000) compound eye sizes were found to be positively correlated with body size. Considering the fact that body length in both male and female A. ephemerella is about 10 mm (Berg, 1942; Buckingham & Ross, 1981) , the eye of A. ephemerella cannot be very large. According to Meyer-Rochow & Gál (2004) , when the eye radius is smaller than about 250 µm, little light intensity enhancement is possible by possessing a clear-zone and the presence of a clear-zone could actually become counter-productive. If one compares the radius of curvature in A. ephemerella (270 µm in males and 240 µm in females, Table 1 ) with that of the beetles studied byabsolute sensitivity. Because of the somewhat larger eye of the male and its wider clear-zone, individual facets need not be enlarged (Table 1) : due to the extensive migration of screening pigments and the wide clear-zone at night, the aperture of the dark-adapted eye extends across many facets, making individual facet enlargements unnecessary. Under light-adapted conditions smaller facets, in fact, would provide sharper images than the females' larger facets and males are thus more likely to perceive moving objects more effectively than females, features that would be of greater use to a flying insect than one that moves around on the two-dimensional plane of the water surface.
The dioptric apparatus of the female eye was found to be significantly shorter than that of the male (Table 1) . This result agrees with that of Thiele (1971) , who compared eyes of aquatic and terrestrial arthropods and showed that aquatic species generally possessed dioptric elements that contained larger facets, but less thick corneal lenses and cone cylinders than terrestrial species. In spittle bugs, in which nymphal instars live in a semiaquatic environment until metamorphosis, there is a 3 fold thickening of the cornea as the terrestrial adult emerges following the final moult (Keskinen & MeyerRochow, 2004) . The reduction of the dioptric apparatus in A. ephemerella can, thus, be considered one of the adaptational features of the female to an at least partially aquatic existence under water. Regrettably, no further studies specifically comparing the respective roles of corneal and cone tissues in aquatic and terrestrial arthropod species are available. However, it may be worth mentioning that superposition by reflection rather than refraction (i.e., mirror-optics: Land, 1981) seems almost exclusively linked to a permanently submersed existence and is the dominant form of concentrating a parallel bundle of light onto the retina in the superposition eyes of shrimps and crayfish.
Polarization sensitivity
Many insects that live in the water or have to locate water to deposit their eggs, are able to recognize aquatic habitats by their polarization characteristics (Schwind, 1991 (Schwind, , 1993 Horváth, 1995; Kriska et al., 1998; Bernáth et al., 2002) . These insects, unlike those peering into the sky (Labhart & Meyer, 1999) detect the pattern with blue or UV-sensitive ventrally-placed retinula cells with horizontally aligned microvilli. The arrangement of microvilli in A. ephemerella male and female eyes suggests that their eyes also possess the capacity to analyse the reflected polarized light from a water surface. Firstly, both male and female A. ephemerella have an enlarged ventral region ( Figs 1A-B) and, secondly, the microvilli of rhabdomere 1 and 8 are aligned in parallel with each other (Figs 4E-F) and, as serial sections have shown, consistently oriented in one and the same direction. The study of the spectral responses in 35 species of Lepidoptera showed that all of the tested eyes had independent UV receptors, regardless of whether they belonged to diurnal of nocturnal species (Eguchi et al., 1982) . In the hawkmoth Deilephila elpenor (Schlecht et al., 1978) , the UV receptors are located in the two distal retinula cells of the rhabdom, while the other six receptors with more mid-rhabdom positions are green sensitive. Based on our morphological observation, both rhabdomeres 1 and 8 can be expected, as in the hawkmoth, to be UV sensitive and specialized for the detection of polarized light and this would clearly be of use to the male to find the female's habitat. However, wingless females, already floating on a water surface, would be less dependent on polarization sensitivity, but did not experience any evolutionary pressure to lose the regular microvillus orientation necessary to detect the e-vector. Moreover, winged females do occasionally occur (see below).
Functional adaptation of the male and female eye
Both male and female A. ephemerella exhibit very similar photomechanical changes upon light/dark adaptation. Since nocturnally-active males hide in sheltered areas during the day and the females seldom venture onto the water surface at daytime (Berg, 1942) , the migration of the secondary pigment granules together with the migration of the retinula cell bodies into the clear-zone must be seen as a precaution to expose the retina to potentially damaging radiation when the insects are being forced to leave their dark refuges. In contrast, at night, screening pigment granules collectively cluster in distal interommatidial spaces around the cone to expose the proximal half of each crystalline cone, thus effectively increasing the superposition aperture of the eye (Warrant & McIntyre, 1996) . This type of pigment migration together with the movements of the retinula cell bodies has also been found in various other nocturnally-active insects with superposition eyes such as beetles (MeyerRochow & Horridge, 1975; Labhart et al., 1992) , moths (Horridge & Giddings, 1971; Autrum, 1981) and lacewings (Horridge & Henderson, 1976) . Electrophysiological studies have shown that the longitudinal migration of pigment granules alone can account for an increase in sensitivity of the eye of up to 3 log units (Bernhard & Ottoson, 1960a, b; Meyer-Rochow & Horridge, 1975; Rodríguez-Sosa & Aréchiga, 1982; Warrant & McIntyre, 1990 . Additional gains stemming from changes in the photo-transduction cascade in extremely dark-adapted superposition eyes from the photoreceptors, can improve the sensitivity of an extremely dark-adapted superposition eye by 6 log units above that of a light-adapted eye (Bernhard & Ottoson, 1960a, b; Bernhard et al., 1963) . This value is much higher than the 2 log unit increase often associated with apposition eyes (cf., Meyer-Rochow, 1974) .
At first glance, one might have expected the wing reduction in the female to have resulted also in a greater simplicity of the compound eye when compared with that of the fully-winged male. It seems that flight generally requires compound eyes with a higher degree of visual sensitivity and resolution as there are special requirements for flight navigation and speed control (Srinivasan et al., 1996) . Thayer (1992) concluded that wing loss was often associated with various other morphological modifications to the body. Loss of wings changes the animal's life-style and thus has to affect, if not the design of the compound eye, then at least its role. Female A. ephemerella are no exception. Their eyes are different, but not necessarily simpler.
Females possess a pair of middle and hindlegs with swimming-hairs, which the male lacks. The modified legs enable the flightless female to swim underwater, but the non-aquatic males cannot dive and only fly above the surface of the water. Even if pheromones bring the sexes together, visual information still has to be important for both males and females. They have to use vision to avoid obstacles and to evade predators, albeit in different environments and this is presumably why some differences between male and female eye structures have begun to manifest themselves in A. ephemerella. The differences are not as striking as those seen in other highly sexually dimorphic species and may indicate that the separation of the male and female life styles in A. ephemerella are less ancient than those seen, for instance, in Orgya antiqua (Lau & Meyer-Rochow, 2007) or some bag moths. Pyralid moths, as a whole, seem to date back no further than 55 million years (Speidel, 2003) and the fact that occasionally fully winged A. ephemerella females appear in the same area as the wingless females underscores the conclusion of a relatively recent evolution of micropterous aquatic females in A. ephemerella. At the same time we may predict that as males and females continue to diverge and increasingly evolve morphologies to suit their respective habitats (the aerial, terrestrial habitat for the males and the dim underwater habitat for the females) eye structural differences will deepen further in the future.
